Abstract Propionibacterium acnes (P. acnes) is a grampositive anaerobic bacillus commonly isolated from the flora of the face, chest, and axilla region. It has emerged as a major pathogen responsible for postoperative shoulder infections after both arthroscopy and arthroplasty procedures. Patients with P. acnes shoulder infection typically present with normal laboratory values (white blood cells (WBC), erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP)) making diagnosis difficult. Several intraoperative tissue cultures should be obtained and cultured in both agar plate and broth in aerobic and anaerobic conditions for a minimum of 13 days to optimize the sensitivity and specificity to detect P. acnes. The utilization of intraoperative frozen sections to detect P. acnes infection is not reliable. Risk factors include male, cloudy synovial fluid, lucencies around the implant, and periprosthetic membrane formation. Managements include irrigation and debridement, single or two-staged revision, and intravenous antibiotics. Open biopsy prior to the final implantation (two-staged revision) may help detect persistent P. acnes infection. Penicillin and cephalosporins are effective against clinical P. acnes infection and biofilm in vitro. Combination antibiotic therapy with rifampin and daptomycin may further increase the clinical efficacy of treatment.
Introduction
Shoulder pain and associated pathologies are among the most common complaints presenting to an orthopedic office [1] . The modern orthopedic practice can address many of these complaints with conservative management and surgical intervention depending on the nature of the pathology. The increasing prevalence of surgical treatment for shoulder conditions will likely increase in the future [2, 3] . Despite the innovation and success of modern arthroscopic and open shoulder surgery, postoperative infection remains a burden to both the patient and surgeon. The incidence of infection after rotator cuff repair and shoulder arthroplasty ranges from 0.27 to 1.9 % and 0 to 15 %, respectively [4] [5] [6] [7] . Postoperative infections can be both difficult to diagnose, eradicate, and treat, with often devastating morbidity and possible mortality. Once considered to be an inconsequential skin flora, Propionibacterium acnes (P. acnes) has emerged as not only a major pathogen for postoperative shoulder infection but also a cause of shoulder pathology as well.
Organism and structure P. acnes is a gram-positive anaerobic bacillus. Originally, it was described as "bacillus of acne" and classified in the genus Corynebacterium in 1923. In 1933, it was reclassified to the genus Propionibacterium secondary to its relationship with oxygen and ability to synthesize propionic acid [8] . Although the focus of P. acnes virulence is focused with skin infections, it has become an important contributor to postoperative infection after shoulder arthroplasty.
P. acnes is part of the natural skin and mucosal flora inhabiting the sebaceous follicles of the skin, conjunctiva, oral cavity, intestinal track, and external auditory canal. It has generally been thought to be a commensal organism and typically found in the skin around the face, chest, axilla, and thorax ( Fig. 1) [9] . While P. acnes is an anaerobic organism, it can survive several hours in low-oxygen environments as well as in the low-oxygen tension and oxidation potential of human tissues [10] . The bacterium has adapted to resist the oxidative, bactericidal, and degradative abilities of macrophages. It is resistant to macrophagal lysozyme, chymotrypsin, hydrogen peroxide, and human serum factors [11] . The ability to form a biofilm, especially on orthopedic implants, is another approach P. acnes utilizes to evade and resist the host's immune response. Genome mapping has identified several genes responsible for encoding adhesins and enzymes involved with the synthesis of the extracellular polysaccharides used to create biofilm [12] .
P. acnes infection after shoulder surgery
The shoulder joint is prone to operative infection. Not only is it a synovial joint, with a nutrient-rich and immunologically diminished synovial fluid, but it also has close proximity to the axillary fossa, which is colonized by polymicrobial bacteria [13] . Surgical approaches to the shoulder near the axillary fold may increase the risk of infection with Staphylococcus aureus, Staphylococcus epidermidis, P. acnes, and Corynebacterium species [4, 5] . Patel et al. characterized the colonization of P. acnes in the flora of the shoulder (axilla), hip, and knee. Their findings demonstrated a greater rate of P. acnes colonization near the acromion and shoulder (axilla) compared to the knee and hip. Men also demonstrated higher rates of P. acnes colonization than women [6] .
The rates of infection after arthroscopic surgery are fortunately low. Yeranosian et al. retrospectively reviewed a large insurance database of shoulder arthroscopic procedures and complications including postoperative infections. Out of 165,820 shoulder procedures, the rate of reoperation for infection was 450 (0.27 %) [14] . Shoulder infection after arthroplasty can range between 3 and 15 % [15•, 16-18] , and the complications can be devastating in terms of patient morbidity and high economic burden to society ( Fig. 1 and Table 1 ). P. acnes has been isolated as the infectious organism in 16 % of prosthetic shoulder infections and in 21 % of shoulder revision arthroplasties [18, 25] . Pottinger et al. reported 70 % of the positive intraoperative cultures in over 100 revision shoulder arthroplasty showed growth of P. acnes [19] . Grosso et al. found 83 % of patients that had a clinical suspicion of infection that underwent revision shoulder arthroplasty patients were P. acnes culture positive [21••] . The ability of P. acnes isolates to form biofilm may render it a more virulent pathogen than other isolates of skin flora P. acnes. Blood plasma helps prevent the formation of biofilm, which may explain why this skin flora may be more pathogenic around the plasma poor environment of an arthroplasty site [28] .
Preoperative skin cleansing preparations may not fully address and diminish the bacterial load of P. acnes compared to other common skin flora. The three most commonly used perioperative skin preparations including ChloraPrep, DuraPrep, and povidone-iodine scrub and paint demonstrated no difference in the efficacy of decreasing P. acnes on the skin. However, in this study, ChloraPrep was significantly more effective than both DuraPrep and povidone-iodine at eliminating overall bacteria burden from the shoulder region [7] . Using cyanoacrylate microbial sealant may reduce the prevalence of positive cultures and P. acnes infection in revision shoulder arthroplasty compared to the traditional iodinebarrier drapes [29•] .
Diagnosis of P. acnes infection
Acute pyogenic postoperative injections can be obvious with skin erythema, swelling, skin reaction, exudate production, and pain. Deeper infection with P. acnes are often subtle and difficult to diagnose with subacute infection being the common presentation. Pain, stiffness, and implant loosening can be presenting symptoms. Plain radiography and advanced imaging should be obtained in any patient with a concern for infection to try to identify sources of pain. Radiographic and operative humeral loosening are especially concerning for P. acnes specifically. Component loosening and radiographic osteolysis have been associated with a threefold to tenfold increase in the risk of a positive P. acnes culture [19] .
Common laboratories, including white blood cells (WBC), erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP), are often a starting point for a postoperative infection. In both arthroscopic [20, 27] and arthroplasty [30, 31] infections, the WBC can be normal with a mildly elevated ESR and CRP. In their review of 11 patients with P. acnes infection after shoulder arthroplasty, Dodson et al. found no patient with an elevated preoperative leukocyte count of more than 10,000 cells/L, 5 patients (46 %) had an ESR of 30 mm/h or higher, and 8 patients (72 %) had a CRP of 1.0 mg/dL or higher [30] . Piper et al. found a lower rate with 42 % of infected patients having an elevated CRP and only 16 % with an elevated ESR [32] . It should be cautioned, however, that patients can have a postoperative infection with normal WBC, polymorphonuclear leukocyte (PMN) percentage distributions, ESR, and CRP values [5] . Piper et al. reported poor sensitivity and specificity of using CRP and ESR to diagnose shoulder infections. Using an ESR of 26 as the cutoff number, the sensitivity and specificity to detect true shoulder implant infection was 32 and 93 %, respectively. In terms of using CRP to detect shoulder implant infection, using 7 as the cutoff number, the sensitivity and specificity was 63 and 73 %, respectively [32] . Furthermore, Grosso et al. found serum IL-6 to have very low sensitivity (12 %) and specificity (7 %) for the detection of P. acnes in shoulder infection [33] .
Preoperative aspiration and intraoperative cultures are also used to diagnose P. acnes infection. Foruria et al. reported a 15 % rate of unexpected positive cultures in a series of 107 patients who underwent revision shoulder arthroplasty [34] . Majority of the positive cultures were P. acnes (63 %) and S. epidermidis (20 %). In a review of the literature, Pottinger et al. also found that over half of subacute and chronic infections after shoulder arthroplasty surgery where culture positive for P. acnes [19] . It is well known that P. acnes cultures in several mediums take longer to be identified than other common shoulder pathogens. Operative cultures should be held for an extended period of time beyond that of the typical, 'five days,' incubation period as it may take up to 21 days for cultures to become positive for P. acnes [30, 31] . Microbiology laboratories may use differing media to culture P. acnes as there is no standard media. It is important to use both anaerobic and aerobic media in cases where P. acnes is suspected [35••] . Butler-Wu et al. evaluated the bacteria culture of 198 revision shoulder arthroplasty procedures and determined 13 days of incubation period is essential for the detection of P. acnes in this patient population [35••] . After the 13 days of incubation, 21 % of clinically unimportant P. acnes isolates were identified. However, a diagnosis of P. acnes would have been missed in 29 % of patients if the extended culture incubation had been applied only to the anaerobic culture media. Therefore, it is essential to hold the cultures for at least 13 days in both aerobic and anaerobic culture media. In contrast to the above study, Shannon et al. reported that a 7-day incubation period was sufficient when the intraoperative tissue cultures were placed in anaerobic thioglycolate broth solution transported in anaerobic tissue and fluid vials. In addition, tissue cultured in broth solution was significantly more likely to be positive by day 7 than in plate culture [36] . Both studies recommend taking multiple intraoperative tissue cultures from different locations to increase the likelihood of detecting P. acnes.
Caution should be taken in applying the literature on lower extremity frozen intraoperative histology sections to indolent shoulder infection by P. acnes. In revision hip and knee arthroplasties with culture-positive infection, frozen section demonstrates sensitivities of 77-95 % and a high specificity of 92-96 % [37] . Frozen sections with confirmed P. acnes infections are not as reliable. Recently, Grosso et al. described their results using five or more PMNs per high-powered field in each of three or more fields. Out of 18 patients with confirmed P. acnes infection of the shoulder, there was a 50 % sensitivity and 100 % specificity compared to 67 % for the non P. acnes infection group. The authors recommended using a total of ten PMNs in five high-power fields (400×) to increase the sensitivity to 72 % [21••] . The diagnosis of a shoulder infection can still be elusive with imaging, laboratory studies, and intraoperative cultures, which may all be normal in the presence of P. acnes infection. In addition to the risk factors that may increase infection in any surgical patient, such as diabetes, obesity, smoking, etc., there are additional risk factors that are associated with P. acnes infections. Pottinger et al. demonstrated that male sex, cloudy synovial fluid, humeral osteolysis and loosening, glenoid wear, and periprosthetic membrane formation are associated with an increased likelihood of culture-positive P. acnes infection [19] .
P. acnes and arthrosis
P. acnes may be more than an opportunistic or cause of postoperative pain, infection, and implant loosening. It may also play a role in the etiology and pathophysiology of shoulder joint arthrosis. Although investigations into the pathology caused by postoperative P. acnes infection has increased due to the increased prevalence of shoulder arthroplasty, animal studies were conducted as early as the 1980s to correlate P. acnes with both radiographic arthrosis and clinical arthritis. Trimble et al. serially infected rat joints with P. acnes and assessed both radiographic and histologic outcomes. With repeat infections, they found radiographic arthrosis and erosive synovitis in sacrificed specimens [38] . Case reports also noted postinfectious arthritis in the setting of P. acnes inoculation and contamination after arthrocentesis [39, 40] .
More recently, Levy et al. obtained aspirates and biopsy tissue from 55 shoulders undergoing shoulder arthroplasty for arthritis without any evidence of infection. They discovered that 41.8 % of samples were positive for P. acnes infection prior to the implantation of the arthroplasty components. The authors note that contamination may be a confounder, but their protocol attempted to obtain samples under sterile conditions [41••] . It is unclear if P. acnes is a causative agent for shoulder arthritis. This may be comparable to Helicobacter pylori as the causative agent for gastritis and duodenal ulcers [41••] . Further research needs to investigate any causal link and what treatment options there may potentially be to not only prevent shoulder arthritis with possible antibiotic therapy but how to also treat patients undergoing arthroplasty with preoperative culture-positive P. acnes infection.
Management of P. acnes infection
Treatment options for infection include irrigation and debridement, antibiotic therapy and suppression, and single and twostage exchange revision. However, most data regarding the management of P. acnes infections are case series that are retrospective and observational in nature. As a result, clinicians have limited high-level evidence-based guidance in making management decisions. Following arthroscopic shoulder surgery, the common treatment of infection consists of multiple surgical debridements as well as intravenous antibiotic therapy for 4 to 6 weeks [38] . However, it is unclear whether or not during the debridement surgery of foreign materials such as sutures should be left in place [38, 39] . The optimal treatment of P. acnes infection following shoulder arthroplasty consists of systemic antibiotics, irrigation and debridement, removal of foreign bodies, and staged revision if clinically appropriate [28] . As a result of the simplification of surgical treatment and better joint function restoration, some authors prefer one-stage exchange arthroplasty, with twostage arthroplasty reserved for more difficult cases [39, 40, 41 ••]. If reimplantation is not possible, long-term oral suppressive antibiotic therapy may serve as an alternative to surgical intervention [28] . However, there are no clear data on prosthesis retention and long-term outcomes.
Although P. acnes is usually susceptible to the broad range of antibiotics, resistance to metronidazole, tetracyclines, clindamycin, and erythromycin has begun to emerge with regional variability [28, 42] . As a result, several authors recommend the use of two antibiotics in order to prevent emergence of resistant strains as well as for the treatment of polymicrobial infections [29•] . Studies have shown various combinations of antibiotics, including cephalexin and rifampin, clindamycin and ofloxacin, and amoxicillin and rifampin, all with good to excellent clinical effect [29•, 40, 41••] .
Bayston et al. looked at the antibiotic susceptibility of mature P. acnes biofilms in vitro. They found that penicillin alone was effective in the eradication of P. acnes biofilm without regrowth [43] . Crane et al. also supported this finding and found that penicillins (penicillin G and amoxicillin) and cephalosporins (cephalothin and ceftriaxone) both showed strong activities against P. acnes (lowest MIC values) [42] . However, both vancomycin and clindamycin demonstrated fair activity against P. acnes. In vitro biofilm infection studies have reported an excellent eradication rate with a combination of rifampin and daptomycin [43] . The clinical practice guidelines for the treatment of prosthetic joint infections published by the Infectious Disease Society of America recommends 4 to 6 weeks of intravenous penicillin G or intravenous ceftriaxone. Intravenous or oral clindamycin can be given as an alternative treatment, and vancomycin can be used only in the case of medication allergies [22] . Additional data from prospective clinical studies are needed in order to better ascertain the ideal combination of antibiotic and surgical treatment for P. acnes infections.
Outcomes of P. acnes infection
Most published literature on the outcome of postoperative shoulder infections are small heterogenous series of patients with infections caused by different organisms other than P. acnes. Coste et al. retrospectively reviewed the results and outcomes of 49 infected shoulders status post arthroplasty in 42 patients. Overall 71 % of patients were asymptomatic and free of infection. Five patients were treated with only antibiotic suppression therapy and 3 of these patients still had persistent symptomatic painful shoulders [22] . There is no specific literature regarding long-term chronic suppression of P. acnes infection and outcomes.
Two-stage exchange revision with antibiotic spacer is an option to attempt infection eradication. Strickland et al. [26] . Alternatively, an arthroscopic biopsy technique with a dry scope has been done by the senior author (XL) prior to reimplantation of the final component for P. acnes infection (Fig. 2) .
One-stage revision has also been proposed in the literature. O'Klatte et al. reviewed their experience with onestage revision in Germany in patients with mostly P. acnes and/or S. epidermidis [45•] . Their published results of successful eradication at 94 % are similar to Coste et al. review of single-stage revision successful infection eradication [22] . However, the follow-up ranged from 1 to 13 years, with five patients lost to final follow-up and additional four other patients that underwent revision surgery for noninfection reasons. Thus, the reader should be cautious when interpreting these above results regarding single-stage revision. More research needs to be done to assess the optimal treatment modality for P. acnes infection as well as the functional outcomes after treatment. The literature has heterogenetic outcome results in small series of patients for bacterial species, treatment modalities, single vs. two-staged exchange, and types of arthroplasties utilized. Patient age, comorbidities, bone stock, and chronicity of infection may all confound treatment outcomes and must be taken into account to select the best method of infection eradication and maximization of functional outcomes.
Conclusion
P. acnes is a gram-positive bacillus that has emerged as not only a major pathogen for postoperative infection but also as a possible cause of pathoanatomy of the glenohumeral joint arthrosis. Common anti-bacterial preps used in the operating room may not provide sufficient efficacy for skin eradication compared to other common skin flora [7] . P. acnes infection provides challenges for a treating surgeon as diagnosis is often elusive and treatment algorithms are not fully elucidated in the literature. Inflammatory makers including CRP, ESR, white blood cell count, and even IL-6 have all shown poor sensitivity and specificity for the detection of infection [27, 30, 32] . A low index of suspicion for P. acnes infection must be considered in a postoperative patient with persistent shoulder pain and radiographic implant loosening in the setting of negative inflammatory markers and cultures. It is crucial that institutional microbiology labs are notified to hold aspiration and operative cultures for an extended period of time as it may take up to 21 days for a culture to become positive with P. acnes [30, 31, 35••] .
The management of infection includes one or two-stage exchange arthroplasty depending on surgeon preference and clinical scenario [41••, 46] . Traditionally, the penicillin family of antibiotics have been utilized to assist in infection eradication [42] ; however, some advocate coverage with two differing agents to help prevent resistance in addition to covering polymicrobial infection [31] . There is a paucity in the literature regarding long-term functional outcomes and success of the eradication of P. acnes infection. More research is needed to elucidate optimal antibiotic coverage and duration, one vs. two-stage exchange arthroplasty, host metabolism and nutrition, and prevention of infection.
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